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Abstract. This paper studies the practical challenges that arise due to the coex-
istence of two wireless technologies, both operating in the license-exempt 5 
GHz band. In particular, WiFi and WiMAX equipment have been used in the 
experiments. The mutual interference caused by the two technologies operating 
in different but narrowly separated frequency channels has a negative impact on 
the performance of both systems. Further challenges are introduced when the 
two systems are in close physical proximity of each other or, in a more extreme 
scenario, share the same antenna as could be required in railway applications. 
This paper investigates these issues through a series of experimental tests based 
on a multi-radio platform testbed. The conclusions drawn from this study will 
be used as a base for the implementation of a multi-radio platform to provide 
communications between train and land in both directions in the context of the 
Spanish high-speed railway system. 
Keywords: mutual interference, wireless multi-radio platform, multi-radio 
coexistence, high-speed railway applications. 
1   Introduction  
In recent years, Spain has made a significant and sustained investment in the national 
railway system, focusing especially on high speed rail services. According to data 
provided by the Spanish railway infrastructure administrator, ADIF, by 2011 the  
country is expected to have more than 2200 km of high-speed railway in use, thus 
exceeding countries with a long tradition on railway transportation, such as Japan and 
France [1].  
This continuous growth in railway infrastructure demands new innovative services 
to develop efficient wireless communication systems to provide control monitoring 
and enhance security. The challenge is even greater in scenarios involving a wireless 
link between land infrastructure and high-speed trains that can travel over 300 km/h. 
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Another decisive factor in the selection of the most appropriate wireless technology is 
the type of services that should be supported. These vary from low rate telemetry 
applications for the collection and transmission of sensor data on infrastructure-
related or environmental conditions of the railway tracks (e.g., obstacle detection or 
wind speed and wind direction measurements) to high rate on-board video surveil-
lance systems operating in real-time.  
Especially for the latter scenario that involves the transmission of video between 
high-speed trains and the land infrastructure, the available wireless solutions are li-
mited to few proprietary technologies as in [2]. Hence, an interesting question arises 
on whether conventional wireless technologies for video applications can be em-
ployed, in spite of not being explicitly designed for high-speed railway networks. 
Some wireless standards that could potentially be adopted for video and data 
transmission in dynamic applications are the IEEE 802.11a/n specification [3], widely 
known as WiFi, other recent specifications as IEEE 802.11p for Wireless Access in 
Vehicular Environments (WAVE) [4], and the IEEE 802.16d/e Worldwide Interope-
rability for Microwave Access (WiMAX) standard [5]. However, establishing simul-
taneous multi-radio links in the same scenario is not a straightforward matter, due to 
mutual interference between the two technologies operating in the same frequency 
band. 
This paper will investigate the feasibility of the coexistence of WiMAX and WiFi 
technologies, both operating in the license-exempt band of 5 GHz. The first technolo-
gy is used for video surveillance applications in railways, whereas the second is used 
to monitor the railway infrastructure or as a Passenger Information System (PIS). The 
main novelty of this work is that it examines the coexistence from a practical point of 
view, based on a series of experimental tests carried out on a real multi-radio platform 
that encompasses the two wireless technologies in a railway environment. These 
problems have increased in the last decade due the development of different wireless 
standards in the 5 GHz band for use in railway applications. Also, there are not 
enough extensive studies and models that address these issues of coexistence in  
railway applications. The presented results refer to two different scenarios. First the 
best-case system performance will be measured, obtained when the two technologies 
operate in an independent and isolated manner. Then, we will examine the worst-case 
scenario in which the two systems share a single multi-band antenna and work simul-
taneously. The conclusions drawn from this study will be used to determine the most 
efficient and feasible configuration for a multi-radio platform, that will eventually be 
employed to establish a link between high-speed trains and land infrastructure for real 
time video surveillance applications. 
The remaining of this paper is organized into four different sections. Section 2 pro-
vides a brief overview of the WiFi and the WiMAX specification, which are the tech-
nologies being used in the measurements. Section 3 describes the experimental setup 
and methodology that have been considered in this work. Results on the performance 
evaluation are presented and discussed in Section 4. Finally, the last section is dedi-
cated to conclusions and lessons learned for the deployment of a multi-radio platform 
with standard WiFi and WiMAX wireless communication technologies. 
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2   WiFi and WiMAX Coexistence 
This section will provide a brief overview of the two wireless technologies that will 
be evaluated in this paper, namely WiFi and WiMAX. Even though the standards are 
defined in more than one frequency band, the main focus of this paper will be laid on 
the 5 GHz band. This band has been selected due the availability of license-exempt 
frequency sub-bands and equipment to consider in high-speed railway environment. 
Table 1. Overview of the WiFi and WiMAX standards in the 5 GHz band 
Standard
Frequency bands 
(GHz)
Modulation
Multiple 
access
Max Data rate
IEEE 
802.11a
5.15 – 5.825
OFDM with
BPSK, QPSK, 
16-QAM, 64-QAM
CSMA/CA 54 Mbps
IEEE 
802.11n
2.4  – 5.8
OFDM with
BPSK, QPSK, 
16-QAM, 64-QAM
CSMA/CA
300 Mbps
(2 antennas)
IEEE 
802.11p
5.9
OFDM with
BPSK, QPSK, 
16-QAM, 64-QAM
CSMA/CA 54 Mbps
WiMAX 
IEEE 802.16
10 - 66 (single 
carrier),
2.495 - 2.686,
3.3 - 3.8,
5.15-5.35,
5.75-5.825
BPSK, QPSK,
16-QAM, 64-QAM, 
256-QAM
TDMA, 
OFDMA
75 Mbps, 134 Mbps 
(28 MHz channel 
bandwidth)
TDD/FDD
Mobile 
WiMAX 
IEEE 
802.16e
5.15 – 5.825
BPSK, QPSK,
16-QAM, 64-QAM
TDMA,
S-OFDMA 
(128, 256, 
512, 1024 
2048 
subcarriers)
128 Mbps downlink,  
56 Mbps uplink.
TDD / FDD
 
 
The main features of the two technologies are summarized in Table 1. The IEEE 
802.11 specification includes a family of standards based on the Carrier Sensing Mul-
tiple Access with Collision Avoidance (CSMA/CA) mechanism, according to which 
WiFi terminals must listen to the channel and wait until it is sensed idle before attempt-
ing transmission [3]. The various amendments of the standard define different Modula-
tion and Coding Schemes (MCS) and operate in the unlicensed bands of either 2.4 or 5 
GHz. In this paper, the 802.11a amendment will be considered, which employs Ortho-
gonal Frequency Division Multiplexing (OFDM) in the 5 GHz band. The OFDM 
signal is comprised by a group of closely-spaced frequency subcarriers (48 data sub-
carriers and 4 pilots with a 0.3125 MHz separation, in the case of 802.11a). The input 
data flow is divided in low rate streams and each stream is mapped onto a sub-carrier 
using one of four possible modulations (BPSK, QPSK, 16-QAM and 64-QAM), yield-
ing data transmission rates that range from 6 to 54 Mbps. Additionally, IEEE 802.11n 
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defines MIMO support with one to four antennas that can achieve a throughput up to 
600 Mbps. 
WiMAX is mainly intended for point-to-multipoint scenarios in which an Access 
Unit (AU) serves a number of subscriber units (SU). Even though the IEEE 802.16 
specification defines several physical layer implementations, the main channel access 
method of WiMAX is Time Division Multiplexing (TDM) / Time Division Multiple 
Access (TDMA). Both Time and Frequency Division Duplex schemes (TDD and 
FDD, respectively) are supported for the uplink and downlink channels, although the 
first method is more widely used to reduce the hardware implementation. As in 
802.11a, OFDM is employed and the number of subcarriers varies depending on the 
implementation. In addition, the IEEE 802.16e specification for mobile WiMAX 
adopts a Scalable Orthogonal Frequency Division Multiple Access (S-OFDMA) 
scheme in which the size of the Fast Fourier Transform (FFT) is adjusted to the chan-
nel bandwidth that varies from 1.25 to 20 MHz. 
This paper will study the coexistence between the two wireless technologies, WiFi 
and WiMAX in the 5 GHz band. As indicated in [6, 7], coexistence scenarios can be 
generally classified in two categories: proximity and collocation. Proximity refers to 
the case in which a different wireless technology operates simultaneously on separate 
devices that, while being physically separated, are located close enough to interfere 
with each other. Collocation is related with simultaneous operation of multiple radios 
on the same hardware device. In this case, interference is not only due to the RF rad-
iation but also can be a result of conducted interference due to physical contact in a 
conductive medium. 
In general, mutual interference between two technologies operating in closely 
spaced frequency channels is mainly due to three mechanisms: 
• Spurious emissions of a transmitter in adjacent bands due to imperfect filtering, 
which cause an increase in Adjacent Channel Power (ACP). 
• Receiver is blocked under the presence of a strong interfering signal. As the result, 
the wanted signal is received attenuated or may not be well received. 
• Third-order inter-modulation products of interfering transmissions that fall within 
the frequency channel of the wanted signal.  
Although all these factors affect the system performance, in this paper we will focus 
on the measurement of the ACP due to spurious transmissions. In practice, the effects 
of interference can be manifested as degradation in throughput or as a limitation of 
the coverage range.  
Apart from these physical layer impairments, the operation of upper layers may al-
so be affected. For example, an increased interference level may be misinterpreted by 
the 802.11 CSMA/CA mechanism as channel activity, thus forcing the WiFi device to 
defer transmission for a considerable amount of time. The experimental setup and the 
performance metrics employed to measure these effects of coexistence interference 
will be discussed in the following section.  
In the past a few tests have been performed to study the ability of coexistence  
with different wireless standards for railway applications. In many cases, WiFi stan-
dards do not support the movement at more than 80 Km/h [8] which is restrictive in  
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high-speed train applications. The new IEEE 802.11p standard defines WiFi  
enhancements for vehicular environments moving at speeds of up 250Km/h in a 5.9 
GHz band[9]. 
3   Case Study 
Two experimental setups will be considered in order to study the WiFi/WiMAX coex-
istence and determine how the simultaneous operation of the two technologies in 
close frequency bands affects their performance: 
• Scenario 1 considers the performance of WiFi and WiMAX systems operating 
independently. The obtained metrics will serve as a reference benchmark, given 
that there is no mutual interference between these two technologies. The experi-
mental conditions include the use of WiFi Hirschmann BAT-300F devices were we 
perform interference measurements based on the total maximum and average 
channel power in the WiMAX 5.7 GHz band with the use of a signal analyzer 
(Agilent N9020A) that was connected to a WiMAX device (Alvarion BreezeAC-
CESS VL) through a diplexer filter. The input attenuation of the signal analyzer 
was adjusted to zero in all cases to reduce the noise floor of the equipment and 
detect the interference contributions of the WiFi bands. In this scenario interfe-
rence measurements were carried out with the WiFi device in operation to study 
the interference over WiMAX band. Similarly, measurements of interference and 
throughput in the same WiFi bands due to WiMAX operation in the 5.7 GHz band 
were carried out to get a reference benchmark of the maximum throughput channel 
capacity. 
• Scenario 2 considers the interference of two wireless devices within a multi-radio 
platform. The setup is shown in Fig. 1. On one side, a multi-radio platform is em-
ployed, which includes both a WiFi and a WiMAX transceiver sharing a single 
multi-band antenna. Each device is connected to the antenna through a system 
formed by a diplexer filter and a hybrid-combiner coupler. On the other side of the 
link, each WiFi and WiMAX transceiver is connected to its own antenna. In scena-
rio 2, to obtain significant interference measurements, ten independent measure-
ments were carried out for WiFi and WiMAX. In addition, we perform throughput 
measurement taking in account the total number of data bits successfully transmit-
ted per the time unit. The maximum throughput capacity has been measured for 
UDP and TCP with WiFi and WiMAX technologies working at the same time. 
Commercial WiFi/WiMAX equipments have been selected for the experimental 
setup. As illustrated in Fig. 1, one WiFi transceiver shares a multi-band antenna in-
cluded in the multi-radio platform, which is a Huber+Suhner Sencity Rail SWA om-
nidirectional antenna with 8 dBi for high-speed railway applications. In land, the 
second WiFi device employs an omnidirectional dipole antenna of 12 dBi. 
With respect to the WiMAX technology, an Access Point and a subscriber unit 
have been selected. The AP in the multi-platform uses the same multi-band antenna 
described before, whereas the subscriber unit in land has an integrated directional 
antenna with a gain of 20 dBi.  
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Fig. 1. Setup WiFi and WiMAX multi-radio platform for railway applications 
As shown in Fig. 1, the WiFi and WiMAX transceivers share the same multiband 
antenna and each device is connected to a diplexer (Microlab BK-26 series) which 
serves as a band-pass filter for frequencies in the range of 3.3 to 5.85 GHz (with 0.2 
dB typical and 0.8 dB maximum band-pass losses). Each diplexer has an additional 
input port for signals ranging from 80 MHz to 2.69 GHz, intended to connect ZigBee 
and Bluetooth transceivers that are out of scope of this paper. For the experiments, 50 
Ohm loads have been put in each port. The output of the two diplexers is combined 
using a broadband hybrid coupler (Microlab CA-13 series) with 3 dB nominal coupl-
ing loss and 18 dB isolation.  
A summary of the WiFi and WiMAX specifications is given in Table 2. Even 
though several modulation and coding schemes are available in both devices, the 
presented performance evaluation have been based on the lowest and more robust 
configuration that yields a nominal throughput of 6 Mbps for both technologies. As 
far as the frequency of operation is concerned WiMAX has been set to 5.7 GHz. On 
the other hand, three different frequency channels have been selected for WiFi, in 
5.18 GHz, 5.5 GHz and 5.735 GHz (channels 36, 100 and 147, respectively), in order 
to study the mutual interference between WiFi/WiMAX as their performance in dif-
ferent frequency bands with shared infrastructure.  
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Table 2. WiFi and WiMAX specifications 
Hirschmann BAT-300F Alvarion BreezeACCESS VL
Technology WiFi 802.11a WiMAX 802.16
Frequency Channel 5.18 / 5.5 / 5.735 GHz 5.7 GHz
Channel Bandwidth 20 MHz 20 MHz
Lower Modulation Scheme OFDM 64 FFT with BPSK OFDM 64 FFT with BPSK
Nominal Min.Throughput 6 Mbps 6 Mbps
Receiver Sensitivity -95 dBm (@ 6Mbps) -89 dBm (@ 6Mbps)
Max Tx Power Level 18 dBm (@ 6Mbps) 21 dBm
 
The evaluation of the WiFi/WiMAX coexistence performance is based on several 
metrics: 
• Spurious transmissions of one device on the frequency band of the other. For ex-
ample we measure the interference caused by the operation of WiMAX at the 5.7 
GHz band in the 5.18 GHz channel assigned to WiFi.  
• The system throughput, defined as the total number of data bits successfully trans-
mitted per time unit. The maximum throughput capacity has been measured for 
UDP and TCP flows generated by the traffic generation tool iperf[10]. 
4   Experimental Results 
The WiFi and WiMAX coexistence has been evaluated through a set of experimental 
measurements. First, a parameter named Adjacent Channel Power (ACP) defined as:  
ACP (dB)=Padjacent_channel(dBm)–Poperation_frequency(dBm)                     (1) 
Where Poperation_frequency is the total transmitted power by the wireless device within the 
allocated frequency bandwidth and Padjacent_channel is the total measured unwanted 
transmitted power by the same device on the adjacent sub-bands.  
The ACP measurement was performed in two steps. Initially, we measured the in-
terference caused by the WiFi device, located on the multi-radio platform, to the Wi-
MAX band of operation considering three different WiFi channels, at 5.18, 5.5 and 
5.735 GHz, with a bandwidth of 20 MHz in each case. In experimental tests with 
different WiFi sub-bands, the transmitted power was measured at the antenna port in 
point A of Fig. 1. Then, we measured the interference caused by each WiFi sub-band 
on the WiMAX channel at 5.7 GHz. These measurements took place at the input of 
the diplexer filter that corresponds to the WiMAX device (point C in Fig. 1). The 
WiFi transmission power and interference values are included in the upper part of 
Table 3. 
In a similar way, we have measured the WiMAX interference on WiFi sub-bands. 
For this test, we have maintained the WiMAX operation frequency at 5.7 GHz with 
20 MHz bandwidth and we have measured the total transmitted power at the antenna 
port A. Next, we measured the interference caused by WiMAX on the three different 
WiFi channels (point B in Fig. 1) and included these measurements in the bottom part 
of Table 3. 
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Table 3. WiFi and WiMAX interference power measurements 
WiFi interference on WiMAX (5,7 GHz) 
WiFi operation 
Frequency (GHz) 
Average WiFiTx power  
(dBm/20 MHz) 
Average WiFi interference 
(dBm/20 MHz) 
5.180 11 -74,3 
5.500 11,2 -72,4 
5.735 8,7 -57 
WiMAX interference on WiFi (5.18, 5.25 and 5.735 GHz) 
WiFi operation 
frequency (GHz) 
Average WiMAXTx power 
(dBm/20 MHz) 
Average WiMAX interference 
(dBm/20 MHz) 
5.180 13,2 -65,2 
5.500 13,2 -61,2 
5.735 13,2 -54,5 
 
The power and interference measurements have been employed for the calculation 
of ACP for the two systems, according to equation (1). The results are shown in 
Fig. 2. It can be seen that very near operating frequencies (i.e., WiFi operates at 5.735 
GHz and WiMAX at 5.7 GHz) the WiFi Adjacent Channel Power is higher as shown 
the red dotted line in Figure 2. In addition, the WiMAX device is more likely to be 
affected by the interference than WiFi, due to its lower sensitivity level, as shown in 
Table 2. The value of ACP in the WiMAX channel (5.7 GHZ) was –76.87 dB in the 
case where there is no WiFi interference. On the other hand, the ACP in a WiFi chan-
nel (5.18 GHz) was –76.79 dB in the case where there is no WiMAX signal. 
 
Fig. 2. Adjacent Channel Power for WiFi and WiMAX operation 
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Next, we measured the average thoughput for TCP and UDP data flows, in both 
uplink and downlink (i.e., transmitting to or from the multi-radio platform). We have 
considered the following four cases: 
• WiFi and WiMAX operating separately (no mutual interference).  
• WiFi operating at the 5.18 GHz channel and WiMAX at the 5.7 GHz channel. 
• WiFi operating at the 5.5 GHz channel and WiMAX at the 5.7 GHz channel. 
• WiFi operating at the 5.735 GHz channel and WiMAX at the 5.7 GHz channel. 
The results are shown in Fig. 3and Fig. 4 for downlink and uplink, respectively. TCP 
throughout is represented by solid lines whereas dashed lines indicate UDP traffic. 
Several observations can be made from the figures. First, it can be clearly seen that 
performance is significantly affected when the two systems coexist in close frequency 
channels. Even with a frequency separation of approximately 520 MHz (when WiFi 
operates at 5.18 GHz and WiMAX at 5.7 GHz) throughput for both technologies 
drops significantly, especially in the case of downlink where WiFi and WiMAX share 
a single antenna for data transmission.  
For TCP in downlink mode, the WiMAX throughput was affected by the interfe-
rence from WiFi as shown in Figure 3. In this case both devices share the same anten-
na and both nodes try to seize the available bandwidth. In the same form, this pheno-
menon was observed in UDP traffic where an increment of UDP WiFi throughput 
decreases the WiMAX throughput. 
Another interesting observation in the same sense is that throughput degradation 
occurs in two different ways. On one hand, in some cases both technologies are able  
 
 
 
Fig. 3. WiFi and WiMAX TCP and UDP throughput in downlink 
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to transmit data but with a relatively low throughput. An example of such a case is 
marked by a circle in Fig. 3. On the other hand, there are cases where one technology 
(usually WiFi) seizes the channel and blocks completely the transmission of WiMAX 
as shown in Fig. 4.  
 
 
Fig. 4. WiFi and WiMAX TCP and UDP throughput in uplink 
To better illustrate the downlink throughput fluctuations marked in a circle of figure 3, 
we have measured the instantaneous throughput for UDP downlink data transmission for 
WiFi operating in 5.18 GHz and WiMAX operating in 5.7 GHz , obtaining the 
fluctuations illustrated in Fig. 5 and consistent with the behavior observed in Figure 3.  
 
Fig. 5. Instantaneous UDP downlink throughput for WiFi and WiMAX 
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In this case, WiMAX performs better than WiFi in general. However, it can be 
observed that the instantaneous throughput for both technologies suffers from many 
fluctuations. In addition, when throughput drops for one technology, it increases for 
the other. This fact corroborates that the medium access control mechanism (MAC) is 
intensely affected by the interferences produced by both signals, and in some cases 
the channel is almost completely seized by one systen while the other one sees the 
channel as busy and defers its transmissions. 
5   Conclusions 
The simultaneous operation of WiFi and WiMAX technologies with shared infra-
structure using a multi-radio platform involves high interference levels that reduce the 
data rate performance despite the use of a system of diplexers and a hybrid combiner. 
A possible solution to mitigate the ACP interference could be the definition of sepa-
rated (as much as possible) sub-bands within the operation bandwidth and even the 
use of a high selectivity pass-band filter to reduce the interference effects between 
sub-band. A proper hybrid combiner design with a higher isolation between its ports 
should be addressed to achieve this goal, which is left for a future line of research. By 
these means the coexistence of WiFi and WiMAX will be allowed in high dynamic 
environments such as high-speed railway transportation systems. Throughput mea-
surements with WiFi and WiMAX simultaneous operation in the 5 GHz band show a 
significant reduction in the throughput for TCP and UDP data traffic. All tests  
have been carried out with transceivers that have different characteristics in terms of  
sensitivity and transmission power because we want to study the coexistence of two 
different wireless technologies in a railway environment to identify the effects of 
interference when the devices operating in adjacent bands. As a practical conclusion, 
better isolation between the two technologies in the 5 GHz band is required.  
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